Genome-wide scans in multiple populations have identified chromosome 1q21-q24 as one susceptibility region for type 2 diabetes. To map the susceptibility genes, we first placed a dense single nucleotide polymorphism (SNP) map across the linked region. We identified two SNPs that showed strong associations, and both mapped to within intron 2 of the calsequestrin 1 (CASQ1) gene. We tested the hypothesis that sequence variation in or near CASQ1 contributed to type 2 diabetes susceptibility in Northern European Caucasians by identifying additional SNPs from the public database and by screening the CASQ1 gene for additional variation. In addition to 15 known SNPs in this region, we found 8 new SNPs, 3 of which were in exons. A single rare nonsynonymous SNP in exon 11 (A348V) was not associated with type 2 diabetes. The associated SNPs were localized to the region between ؊1,404 in the 5 flanking region and 2,949 in intron 2 (P ‫؍‬ 0.002 to P ‫؍‬ 0.034). No SNP 3 to intron 2, including the adjacent gene PEA15, showed an association. The strongest associations were restricted to individuals of Northern European ancestry ascertained in Utah. A six-marker haplotype was also associated with type 2 diabetes (P ‫؍‬ 0.008), but neither transmission disequilibrium test nor family-based association studies were significant for the most strongly associated SNP in intron 2 (SNP CASQ2312). An independent association of SNPs in introns 2 and 4 with type 2 diabetes is reported in Amish families with linkage to chromosome 1q21-q24. Our findings suggest that noncoding SNPs in CASQ1 alter diabetes susceptibility, either by a direct effect on CASQ1 gene expression or perhaps by regulating a nearby gene such as PEA15.
C
onsiderable data support a genetic etiology for type 2 diabetes, but multiple susceptibility loci on different chromosomes are likely involved (1) . We previously mapped one type 2 diabetes susceptibility locus in extended North European Caucasian families to chromosome 1q21-q24 (2), a region that is now well replicated in Old Order Amish, Pima Indian, Chinese, French, and British families (1) . Recently, we completed a dense linkage map and identified two linkage peaks centered on locations 157 and 164 Mb (3) . Additionally, we have previously reported the association of polymorphisms of the liver pyruvate kinase enzyme with type 2 diabetes, located centromeric to the first linkage peak (4) . However, analysis of many strong candidate genes under the linkage peaks have not yet identified an association with type 2 diabetes that could explain the linkage.
To further map the susceptibility loci within the region of linkage, we collaboratively placed 580 single nucleotide polymorphisms (SNPs) over a 20-Mb region that encompassed both linkage peaks using MassArray MALDI-TOF mass spectrometry (Sequenome) (5, 6) . We typed DNA pools constructed from individual samples in three populations: Utah Caucasians, Amish Caucasians, and Pima Indians. Of 92 SNPs that showed evidence for association in the original sample, we selected 14 SNPs to test in individual samples based on significance on replication in pools (P Ͻ 0.05). Two adjacent SNPs were highly significant in pools (P ϭ 0.00008 and 0.003), subsequently confirmed in individual samples by a different method, and mapped to the first and larger of the two linkage peaks (157 Mb). The two SNPs were localized to intron 2 of the calsquestrin 1 (CASQ1) gene in a region that was also associated with type 2 diabetes in the Amish Family Diabetes Study (AFDS) (7) and that also included the gene PEA15, which was reported to show increased expression in tissues from diabetic subjects (8) .
To test the hypothesis that sequence variants in or near the CASQ1 gene increase susceptibility to type 2 diabetes and to define the region of association, we undertook a two-stage study. We first evaluated SNPs reported in the public database and extending 5Ј and 3Ј of CASQ1, including adjacent genes. Subsequently, we screened the 11 exons, untranslated regions, 3Ј and 5Ј flanking regions, and all of intron 2 of the CASQ1 gene for additional sequence variation in North European Caucasian subjects. We tested each SNP for an association with type 2 diabetes.
The most promising SNPs were tested for family-based associations with glucose levels and type 2 diabetes.
RESEARCH DESIGN AND METHODS
CASQ1 gene variation was detected in 24 unrelated Caucasian individuals from Utah families linked to the 1q21 region, including 8 nondiabetic family members and 16 individuals with type 2 diabetes. Initial studies to follow up on the pooled associations were conducted in 129 individuals with type 2 diabetes and 108 control individuals from Utah that overlapped with but slightly expanded the sample constructed for the original pooling experiment. Most individuals were selected from the families used in the linkage study. We subsequently sought to expand the sample size. Because insufficient control subjects were available from Utah, we examined two sample sets. The first set comprised 190 diabetic individuals and 119 control individuals, all ascertained in Utah for Northern European ancestry and including the 129 case and 108 control subjects used in the first follow-up studies. To improve our power, albeit at the expense of maintaining homogeneity, we also examined an expanded Caucasian sample of 191 Caucasian individuals with diabetes and a first-degree relative with diabetes and 191 control individuals with a normal glucose tolerance test or a fasting or random glucose Ͻ5.6 mmol/l and no family history of diabetes in a first-degree relative. The expanded sample included additional similarly ascertained individuals from Arkansas with mixed Caucasian ancestry (1 diabetic subject and 72 nondiabetic control subjects). Of the diabetic subjects for both analyses, 70 individuals were ascertained from Utah families used in the linkage studies and the remainder were ascertained for diabetes by history and medication or documented by oral glucose tolerance test using World Health Organization criteria. All individuals for the case-control studies were unrelated. Because some samples were no longer available or were of poor quality, some case and control samples from Utah in the original association study were not included in the expanded sample.
Transmission disequilibrium test and family-based association studies were conducted on 704 members of 68 families from Utah and of Northern European ancestry, 292 of whom were considered affected, as previously described (2, 3) .
Subjects ascertained in Utah provided written informed consent under a protocol approved by the University of Utah Institutional Review Board. Subjects studied in Arkansas provided written informed consent under protocols approved by the University of Arkansas for Medical Sciences Human Research Advisory Committee. Genotypic analysis and marker selection. Additional markers in the CASQ1 region were chosen from dbSNP (9) for the region from 42 kb upstream of CASQ1 to 20 kb downstream of the gene. All SNPs except rs617599 were typed by pyrosequencing using the PSQ-96 (Pyrosquencing, Uppsala, Sweden) according to the manufacturer methods but modified to use a universal biotinylated primer (sequences available from authors). SNP rs617599 was typed by using oligonucleotide ligation assay with radioactive labeling and detection with a Storm optical scanner (Molecular Dynamics, Sunnyvale, CA), as described previously (4) . The insertion/deletion variant rs3838216 was typed using infrared dye-labeled M13 primers on a LI-COR GR4200 sequencer and scored using Gene ImagIR software (version 3.5.6; Scanalytics, Fairfax, VA). All variants were in Hardy-Weinberg equilibrium. Detection of CASQ1 sequence variants. We screened a total of 7,647 bp of sequence, including 1,326 bp of the 5Ј flanking sequence (1,489 bp upstream of ATG start site), 832 bp of the 3Ј flanking sequence, the 5Ј and 3Ј untranslated regions, all 11 exons, and 100 -200 bp of the sequence flanking each exon, for mutations using 20 sets of primers (sequences available from authors). Amplicons were designed using WAVEMAKER software (version 4.0; Transgenomic, Omaha, Nebraska), with sizes of 247-627 bp, and were screened at up to three denaturing temperatures using denaturing high-pressure liquid chromatography on a WAVE HT DNA Fragment Analysis System (Transgenomic). Both strands of fragments showing altered migration were sequenced using the CEQ 8000 Genetic analysis system (Beckman-Coulter, Fullerton, CA). Additionally, we directly sequenced intron 2 (860 bp) of CASQ1 in two overlapping fragments to catalog additional variation near the associated markers in six individuals selected to represent each of the three observed haplotypes constructed from the two intron 2 SNPs, rs617599 and rs617698.
Putative transcription factor binding sites in intron 2 were detected using TFSEARCH (version 1.3; available at http://www.cbrc.jp/research/db/ TFSEARCH.html) using the TRANSFAC database (10). Statistical analysis. Allele frequencies were compared using the Fisher's exact test. For all statistical tests, we considered P Ͻ 0.05 to be evidence of significance. We report the P values without Bonferroni correction. Secondary analyses of genotypic association were computed using Pearson's 2 test under additive, dominant, and recessive models. Pairwise haplotypes were estimated from the combined case and control population data using the expectation maximization algorithm, from which two linkage disequilibrium (LD) statistics, DЈ and r 2 , were calculated. Extended haplotypes were predicted using the expectation maximization algorithm, as implemented in the Arlequin program. Because SNPs CASQ Ϫ1404, 1074, 2312, 2351, 2399, and 2949 all showed an association or a trend to an association with type 2 diabetes in our Utah Caucasian sample set, we compared the frequency of this six-marker haplotype among case and control subjects. Studies of fasting and 30-, 60-, 90-, and 120-min postchallenge glucose levels were performed on the full set of families included in the linkage study (2), including families not showing linkage to chromosome 1q21, using the Pedigree Analysis Package (11) . The total number of subjects was 567 for fasting glucose, 244 for 30-min glucose, 483 for 60-min glucose, 242 for 90-min glucose, and 459 for 120-min glucose. The number of unaffected individuals was 372 for fasting glucose, 178 for 30-min glucose, 360 for 60-min glucose, 176 for 90-min glucose, and 360 for 120-min glucose. Excess transmission of alleles from parents to affected offspring was tested by a maximum likelihood implementation of the transmission disequilibrium test, as previously described (4, 12) . Genotype associations with type 2 diabetes were tested using the logit of the probability of type 2 diabetes as the dependent variable. The genotype at each SNP was coded as 1, 2, or 3 (homozygous common allele, heterozygous rare allele, and homozygous rare allele, respectively) for the independent variable. The logit of the probability of type 2 diabetes was assumed to equal ). SNP effects on type 2 diabetes were tested as the difference in penetrance between genotypes (2 degrees of freedom).
RESULTS
We initially evaluated 36 SNPs from the public database over the 100-kb region that surrounded the initial observation, encompassing genes ATP1A4, CASQ1, PEA15, and H326. Of these, 15 SNPs and one insertion/deletion variant were both polymorphic and able to be assayed, spanning the region from Ϫ41,280 to 20,346 bp relative to the ATG start of CASQ1 (Table 1) , for an average interval between polymorphic markers of 6.3 kb. The only associations were identified within CASQ1; hence, we searched for additional variants by screening the exons, the immediate 5Ј flanking region, and the immediate 3Ј region. We confirmed the seven SNPs previously selected and identified seven new variants (Table 1 and Fig. 1 ). We failed to confirm one database SNP (rs822451, intron 6). We identified rare (frequency Ͻ5%) synonymous variants in exons 3 and 4 and a rare single nonsynonymous SNP in exon 11 (CASQ1 10476; A348V) that was not associated with type 2 diabetes. We were unable to develop assays for two of the new SNPs identified, and three of these were rare and not typed in the full sample ( Table 1) .
The results are summarized in Table 1 and Fig. 1 . Significant association or trends to an association were limited to intron 2 and to SNPs in the proximal 5Ј flanking region and were therefore most consistent with an association in CASQ1 rather than the neighboring genes ATP1A4 or PEA15. We found the most significant associations in samples used to confirm the initial pooled findings, for which SNPs Ϫ1404, 2312, 2399, and 2949 all showed nominal significance (P ϭ 0.0016 -0.04). The results when all available Utah samples were tested, including additional case and control subjects, are shown in Table 1 . When additional Caucasian samples of nonNorthern European ancestry were included, the significant allelic association was limited to SNP CASQ-1404 in the 5Ј flanking region. Based on the concentration of associated Fig. 1 , rs number is the dbSNP catalog number, and position is relative to the ATG start of CASQ1. Frequency is provided for the samples strictly ascertained from Utah, including 190 case and 119 control subjects, and for the 191 case and control subjects, including additional samples more broadly ascertained. Del/Ins, deletion/insertion; ND, not determined; NS, not significant (P Ͼ 0.2). *Not determined due to extended repetitive sequences and assay design problems; †not typed due to low allele frequency (Ͻ0.05). All variants are listed with the common allele first, and frequencies are reported for the minor allele. SNPs in intron 2, which was not originally screened, we resquenced this intron in six individuals chosen for each of the observed haplotypes. One additional SNP (SNP CASQ 2351) was identified ( Table 1 ) that also showed a trend to an association (P ϭ 0.058), with the minor allele overrepresented among cases. The haplotype distribution for six SNPs from the 5Ј flanking region (Ϫ1,404) to intron 2 (2,949) was significantly different in case and control subjects (P ϭ 0.008); the difference remained significant, albeit less so, among the full sample set (P ϭ 0.013) ( Table  2 ). Analysis of genotype associations for individual SNPs was most consistent with a dominant or additive model, with the minor allele as the risk allele for SNPs CASQ Ϫ1404, 1074, 2312, 2351, 2399, and 2949 (data not shown). We typed SNP CASQ 2312 (rs617698), which was associated with type 2 diabetes in the case-control study, in the full family sample. No allele was transmitted in excess from parents to affected offspring, and diabetes penetrance did not differ among genotypes, whether in all families or in only those families linked to this region. The pairwise LD statistics across SNPs from 5Ј to 3Ј is shown in Figs. 2 and 3 in the online appendix (available at http://diabetes.diabetesjournals.org). When haplotype blocks were defined using DЈ and the methods of Gabriel et al. (13) , SNPs 1074 (in intron 1) through 2949 (just upstream of exon 3) were in a single haplotype block (Fig.  3A , online appendix) comprising only three common haplotypes (Fig. 3B, online (Table 3 , online appendix). Notably, the SNPs associated with type 2 diabetes or showing a trend to an association in this study fell into three bins by r 2 , bin 8 (Ϫ1404), bin 9 (2312/2399/2949), and bin 10 (1074/2351) ( Table 3 , online appendix), but only two haplotype blocks (Fig. 3, online  appendix) . Combined, these six SNPs form the highestrisk haplotype (Table 2) . Surprisingly, analysis of SNP Ϫ1404 and the block 2 tag SNPs 2312 and 2351 dropped the haplotype significance to 0.023 from 0.008 for the six-marker combination among Northern European Caucasians.
Among the Amish, CASQ1 SNPs were associated with elevated glucose. We tested for a similar association with fasting and 30-, 60-, 90-, and 2-h postchallenge glucose levels, both in all family members and in nondiabetic family members only. We found no significant association with SNP CASQ1 2312 for any glucose measure in either group.
DISCUSSION
Chromosome 1q is among the best replicated regions linked to type 2 diabetes. The region is also linked to other potential elements of the metabolic syndrome: hypertension (15) and familial combined hyperlipidemia (16, 17) . Work from our laboratory suggests that this region harbors at least three loci based on association (4) and linkage (3) studies. The current analyses were initiated based on a SNP map that encompassed both linkage peaks and which showed an association of two SNPs in this region. The broadly defined region of association includes three genes, ATP1A4, CASQ1, and PEA15. PEA15 is overexpressed in fibroblasts, adipose, and skeletal muscle from diabetic subjects (8) , is a substrate from protein kinase C, alters glucose transport (8) , and is thus a strong candidate gene. However, a previous study of PEA15 in Pima Indians found no coding SNPs and no association with type 2 diabetes (18) , and our association clearly does not extend 3Ј of CASQ1 into the PEA15 region. Instead, our data restrict the association to the six SNP haplotypes that extend from the 5Ј flanking region through intron 2 of CASQ1: Ϫ1404, 1074, 2312, 2,351, 2399, and 2949. Nonetheless, we cannot exclude the possibility that these associated variants modulate PEA15 expression.
The associated SNPs belong to three noncontiguous bins based on the r 2 LD statistic. Based on DЈ values, SNP Ϫ1404 is not in the block defined by SNPs 1074 -2949 (Figs. 2 and 3, online appendix) . Hence, the observed associations are partially independent and not related exclusively to strong LD between closely spaced SNPs. This observation, along with data from Fu et al. (19) from the AFDS, suggests that multiple CASQ1 SNPs may contribute to disease susceptibility. Like calpain 10 and many other recently described complex disease genes (20 -22) , no associated variant alters the coding sequence and no single variant is likely to explain the association. However, we did not observe a much stronger association of predicted haplotypes than of individual SNPs.
Additional support for CASQ1 as a candidate comes from the independent association of SNPs within CASQ1 in the AFDS (7, 19) . That study also found an association at SNP 2312 (rs617698), which in both the Amish and Utah populations is in strong LD with SNP 2399 that showed the strongest initial association in our studies. However, much of the association in the Amish study maps to intron 4 (SNP 4535 in our nomenclature; rs2275703), where we have not found any evidence for association. Notably, SNP 4535 is not in LD with SNPs in intron 2. In contrast to the AFDS, where the haplotype 2312/4535 was significantly associated with type 2 diabetes, this combination showed no association with type 2 diabetes in either our restricted population (Utah only) or our full case-control study (global P value Ͼ0.24).
Despite the evidence for replicated association of SNPs in the CASQ1 gene with type 2 diabetes, as has been typical for complex disease genes, the significance of the associations for individual SNPs is modest. The predicted odds ratios are in the range of 1.5-1.8. Additionally, as has also been observed for other type 2 diabetes susceptibility genes, the SNPs associated in the two populations show only partial overlap. These differences may result from multiple susceptibility alleles, differing LD between founder (Amish) and outbred (Utah) populations, or spurious associations in one or both populations. Finally, where the same SNPs were associated in both Amish and Utah samples (intron 2), we show opposite associations (minor allele is the risk allele in Utah, major allele is the risk allele in the Amish). Possible explanations for this paradox include different susceptibility SNPs at some distance from intron 2 that were not detected in this study, different gene-gene interactions in the two populations, or an effect of gene-environment interactions in populations with different lifestyles.
In our studies, the differences between case and control subjects were observed primarily when we used the restricted population of case and control subjects ascertained in Utah. The two association studies differ primarily in the control populations. The Utah population is exclusively of Northern European origin and maps most closely to the U.K. and Scandinavia. The exact origins of our Arkansas Caucasian population are broad and may contain more Native-American and African-American admixture, although known admixture was avoided. Whether the differences observed between these populations represent true differences in allele frequency, the effects of increasing the sample size or more complex underlying geneenvironment interactions are unknown. In general, Utah and Arkansas populations show similar allele frequencies.
We were unable to confirm the association with type 2 diabetes in our Utah families using family-based approaches, and unlike the AFDS, we did not find evidence that those SNPs associated with type 2 diabetes also influenced fasting or postchallenge glucose levels among either all family members or nondiabetic family members only. These failures most likely relate to the low power of family-as opposed to population-based approaches, although we cannot formally exclude population stratification or a type 2 error in the original observation. The number of subjects included in our analysis of glucose levels was considerably lower than that analyzed in the Amish, in part due to the larger number of diabetic family members in our study and the slightly smaller overall study size. Despite these uncertainties, the replication by nearby SNPs not in LD with the initial observation and independent observations in a second population both support a role for SNPs within CASQ1 in the pathogenesis of type 2 diabetes.
CASQs are major calcium binding proteins localized in the terminal cisternae of the sarcoplasmic reticulum. CASQ1, the primary skeletal muscle CASQ, binds calcium with high capacity but moderate affinity (23) and modulates activity of the ryanodine receptor to control muscle calcium homeostasis and thus excitation-contraction coupling (24) . Inactivating mutations of CASQ2, the cardiac CASQ, are known to result in cardiac arrhythmias, and overexpression of CASQ2 in mice causes cardiac hypertrophy and cardiomyopathy (25) , but little is known about genetic variation in CASQ1. Nonetheless, the regulation of muscle calcium may have implications for insulin action. CASQ1 is upregulated in the streptazotocin-induced diabetic rat skeletal muscle (26) . GLUT4 can be recruited by either of two pathways, one proceeding from insulin through phosphatidylinositol 3 kinase and the other through muscle contraction, exercise, calcium release, and hyperglycemia (27, 28) . Hence, variation in CASQ1 expression might easily alter myocellular calcium homeostasis, GLUT4 recruitment, and insulin sensitivity.
The SNPs in intron 2 reside in a region of marked DNA conservation between mouse and human. Such conserved nongenic sequences were recently proposed as additional regulatory elements (29) . Indeed, SNPs 2351, 2399, and 2949 alter putative binding sites for transcription factors TATA, MZF1 and P300, and SP1, respectively (Fig. 3 , online appendix). Of these, SNP 2399 is predicted to abolish binding for MZF1 and P300 and SNP 2949 is predicted to abolish binding for SP1 transcription factors. Thus, this region might alter CASQ1 or perhaps PEA15 regulation and contribute to diabetes risk. Interestingly, considerable data have implicated SP1 in the downstream actions of insulin, although the role of SP1 in intronic regions is unknown (30) . Additional studies are needed to explore gene expression in muscle among individuals with the high-risk haplotype in order to determine whether insulin sensitivity is altered among carriers of high-risk SNPs and to confirm the association of SNPs in this region with type 2 diabetes in additional populations with linkage to 1q21.
